Purpose: C-arm based cone-beam CT ͑CBCT͒ has been recently introduced as an in-situ 3D soft tissue imaging modality. When combined with image-guided navigation, it provides a streamlined clinical workflow with, potentially, improved interventional accuracy. A key component in these systems is image to patient registration. The most common registration method relies on fiducial markers placed on the patient's skin. The fiducials are localized in the volumetric image and in the interventional environment. When using C-arm CBCT, the small spatial extent of the volumetric reconstruction makes this registration approach challenging, as the volume must include both the anatomy of interest and the fiducials. The authors have previously proposed a semiautomatic localization approach that addresses this challenge, with evaluation carried out using anthropomorphic phantoms. To truly evaluate the algorithm's utility, the evaluation must be carried out using clinical data. In this article, the authors extend the evaluation of the approach to data sets acquired in a clinical trial. Methods: Nine CBCT data sets were obtained in three interventional radiology procedures as part of a clinical trial evaluating a commercial navigation system. Fiducials were localized in the volumetric coordinate system directly from the projection images using the evaluated localization approach. Localization was assessed using two quality measures fiducial registration error to quantify precision and fiducial localization error to quantify accuracy. The fiducials used in this study are 6 mm spheres embedded in a custom registration phantom used by the navigation system. Results: In all cases, the proposed approach was able to localize all five fiducial markers embedded in the registration phantom. The approach's mean ͑std͒ fiducial registration error was 0.29 ͑0.13͒ mm. The mean ͑std͒ localization difference as compared to direct volumetric localization was 0.82 ͑0.34͒ mm. Conclusions: Based on the current evaluation using data from clinical cases, the authors conclude that the localization approach is sufficiently accurate for use in thoracic-abdominal interventions, and that it can simplify the current workflow while reducing cumulative radiation to the patient due to repeated CBCT scans.
I. INTRODUCTION
Recent improvements in flat panel detector technology have led to improved tissue type discrimination, thus enabling the use of C-arm based cone-beam CT ͑CBCT͒ in clinical interventions dealing with soft tissue. [1] [2] [3] When combined with image-guided navigation, C-arm based CBCT provides a streamlined clinical workflow with, potentially, improved interventional accuracy.
A key component of image-guided navigation systems is registration, aligning image-space to patient-space. Once the transformation between the two coordinate systems is established, tracked instruments can be overlaid onto the image data, accurately reflecting the relationship between tools and anatomical structures in the physical world. The most common registration approach in clinical use is the analytic paired point rigid registration method. 4, 5 When using C-arm based CBCT, the coordinates of corresponding points are obtained in the physical world, patient-space, and in the volumetric coordinate system of the CBCT, image-space.
One such navigation system that utilizes CBCT volumes and electromagnetic tracking for guiding thoracic-abdominal interventions is the iGuide CAPPA system ͑Siemens AG, Healthcare Sector, Erlangen, Germany͒. Figure 1 shows the system in use at Georgetown University Hospital. This system performs registration using a custom electromagnetically tracked phantom embedded with spherical fiducials that is imaged alongside the patient. The spherical fiducials are automatically localized in the reconstructed volume, automating the image to patient registration task. Note that for accurate guidance of thoracic-abdominal interventions, the use of rigid registration requires that images be acquired at breath hold and that the physician's actions be limited to the respiratory phase in which the images were acquired.
A key requirement of this registration approach is that both the anatomical structure of interest and the fiducials placed on the patient's skin be inside the reconstructed region. This is a challenging requirement when using a C-arm based CBCT system, due to the small size of the spatial reconstruction region. Figure 2 illustrates this issue. This has also been identified as a limitation for hepatic interventional radiology procedures where a complete volume of the liver, often, could not be acquired. 2 In the context of image-guided navigation, we have previously identified this challenge and proposed a solution that enables localization of spherical fiducials outside the reconstructed region. 6 The proposed localization approach was evaluated using two types of anthropomorphic phantoms and two types of spherical fiducials.
On the one hand, these phantom studies enabled us to conduct a comprehensive evaluation of our algorithm in a controlled manner. On the other hand, they are only an approximation of clinical input. Most often, clinical data are more challenging. In our case, the clinical images contain additional medical apparatus that was not present in our phantom studies.
In this work we evaluate our approach using data acquired in a clinical trial utilizing a commercial navigation system in conjunction with C-arm based CBCT. We show that acquiring a reconstruction that contains both the fiducials, placed on the patient's skin, and the anatomical region of interest is indeed a challenging task. We also show that our fiducial localization approach can mitigate this limitation of the C-arm based CBCT reconstruction, potentially reducing both the procedure complexity and the radiation exposure to the patient.
II. MATERIALS AND METHODS
To evaluate the utility of a commercial navigation system in interventional radiology procedures the iGuide CAPPA system was used in an Institutional Review Board ͑IRB͒ approved clinical trial at Georgetown university hospital. All data used in the current evaluation was obtained as part of that trial which consisted of three navigated abscess drainage cases.
II.A. Equipment and image acquisition
All images used in this work were acquired with the Axiom Artis dFA ͑Siemens AG, Healthcare Sector, Erlangen, Germany͒ CBCT system. The CBCT is modeled as a distortionless pinhole camera. Projection images are acquired using an 8 s rotation, in which 419 images are uniformly acquired over a rotation of 209°. Image dimensions are 480 ϫ 616 pixels with an isotropic pixel spacing of 0.61 mm. The size of the volumetric reconstructions obtained from these projection images is 256ϫ 256ϫ 221 with an isotropic 0.8 mm voxel dimension, resulting in a reconstruction region with a spatial extent of approximately 20ϫ 20ϫ 18 cm 3 . This acquisition protocol is intended for use in abdominal interventions and is a compromise between the length of a breath hold and the number of acquired images. In all cases, patients were requested to hold their breath during the acquisition.
The fiducial markers used in this work are 6 mm markers embedded in the custom iGuide CAPPA registration phantom. This phantom consists of five fiducials in a rigid configuration. Figure 3 shows the registration phantom and the internal fiducials. 
II.B. Localization approach
In the interest of making this presentation self-contained, we briefly describe our localization approach. We have observed that most often, fiducials that are outside the reconstructed region are visible in multiple projection images. We thus localize fiducials in the CBCT coordinate system by localizing them in the projection images. The spatial location of each of the fiducials is then estimated as the intersection point of the backprojected rays emanating from the camera locations and going through the corresponding image locations. Both the 2D fiducial location in the projection images and the ray intersections are estimated in a robust manner using the random sample consensus ͑RANSAC͒ algorithm. 7 This enables us to deal with outlying edge elements used in the circle detection process and with erroneous circle estimates used in the spatial localization. 
II.C. Localization quality measures
To evaluate our localization approach, we use two quality measures: precision and accuracy. The former quantity is assessed independently for direct localization and for our approach. The latter assumes that direct localization is the gold standard and compares our approach to it.
For all data sets, we compute the fiducial registration error
, where q i and p i are the paired points and T is the estimated rigid transformation. We can compute the FRE, as the fiducials are in a known fixed configuration inside the registration phantom. While this measure is uncorrelated with the target registration error, 9 it does assess the rigidity of the localized fiducial configuration. That is, given that we localize each fiducial on its own, the FRE quantifies the precision of the approach. If an approach has a bias, FRE will not reflect this as the rigid registration will compensate for this error component. To asses our algorithm's accuracy, we use an additional quality measure for a subset of the data. For the data sets in which fiducials are inside the reconstructed region, we compare our results with direct fiducial localization in the volumetric data. While the true location of the fiducials remains unknown, direct fiducial localization is the standard localization approach used in clinical practice. Previously, 6 we used an edged based method for direct fiducial localization. The results of that method for the current data sets were found to be inaccurate, based on visual inspection. These inaccuracies stem from a significant reduction in the number of edge elements belonging to the fiducial surface. In previous studies, the volumes were reconstructed with an isotropic voxel dimension of 0.4 mm vs the current reconstructions which have an isotropic voxel dimension of 0.8 mm. As a result, the number of surface elements s =4r 2 in the patient data sets is approximately a quarter of the elements available in the previous reconstructions.
We now use an intensity based method for direct localization. Fiducials are segmented using an empirically selected threshold, with the fiducial location estimated as the intensity weighted centroid of the segmented marker. The specific threshold value used for segmentation was determined visually. In our case, this value is set to 2000 HU. The effect of threshold selection on fiducial location was evaluated by varying the threshold until oversegmentation or undersegmentation was visually discernable. In our case, these occurred at 1800 and 2800 HU, respectively. The fiducials were then localized with threshold values between 2000 and 2600 HU. The maximal difference in between these localizations was 0.14 mm, a stable localization when using thresholds whose effects could not be visually detected. Figure 4 illustrates the visual effect of threshold value selection.
III. EXPERIMENTAL EVALUATION
The localization approach described above was implemented in MATLAB ͑The Mathworks Inc., Natick, MA͒. All evaluations were performed using a PC, Intel Core2 Duo 2.2 GHz processor, 4 GB RAM, running Windows Vista business edition.
Image data were acquired in three navigated abscess drainage cases. In total, nine scans were acquired in order to fulfill the requirement that both the anatomy of interest and the registration phantom be inside the reconstructed region. It should be noted that the navigation system requires that all five fiducials embedded in the registration phantom be localized in the volumetric reconstruction even though three fiducials are sufficient for rigid registration. Most likely, this is due to safety and accuracy considerations. As a result of these restrictions, additional CBCT images were acquired either due to fiducials that were outside the reconstructed region or, in one case, the targeted region was partially outside the volume.
The mean ͑std͒ running time of our localization approach was 1.99 ͑0.24͒ s per fiducial. This is approximately half the running time observed with our previous data sets. The shorter runtime is consistent with the reduced data size; the size of the projection images used in the current study is half of that used in our previous work.
III.A. Qualitative evaluation
In all acquisitions, our approach was able to successfully localize the five fiducials, whether they were inside or outside of the reconstructed region. Table II summarizes the fiducial localization results both for our approach and for direct localization, the current clinical standard. Had our approach been used in these cases, the radiation dose to the first patient would have been a third of the actual dose, to the second patient it would have been a quarter, and to the third patient it would have been one half of the dose.
These results illustrate the difficulty of acquiring images so that the reconstructed region includes both the organ of interest and the fiducials on the skin surface. While initial positioning prior to the scan involves acquisition of anteriorposterior ͑AP͒ and lateral projection images, this does not ensure the desired results. In all three cases, the registration phantom was initially outside the reconstructed region even though it was visible in the AP and the peripheral region of the lateral image. This is primarily due to the practice of positioning the patient so that the organ of interest is close to the center of the reconstructed region and then ensuring that the phantom is still visible. Finally, if the emphasis shifts to ensuring that the phantom is in the reconstructed region, the organ of interest may be partially or completely outside the volume, resulting in an additional scan. This was the situa- tion after the third scan for patient 2. Figure 5 shows the AP and lateral views from the scans acquired for the second patient in Table II . The above localization results confirm our assumption that in the clinical setting, fiducials that are located outside the reconstructed region will still be visible in a sufficient number of projection images for localization using our approach. Ideally, two images with perpendicular viewing directions will result in accurate localization. We have previously evaluated the effect of the number of images and their distribution on localization accuracy. 6 In that study, we observed that even two images with an angular difference of approximately 40°are sufficient to obtain submillimetric accuracy. Figure 6 illustrates the difference between localizing fiducials that are inside the reconstructed region and those that are not, as reflected by the projection images used to perform our localization.
Finally, we have also confirmed that in the clinical setting, the use of robust ray intersection is required; in our case, the use of the RANSAC framework successfully deals with these outliers. The outlying rays arise from erroneous fiducial localization in the projection images due to overlapping anatomical structures as shown in Fig. 7 .
III.B. Quantitative evaluation
To evaluate the quality of localizations, we first compute the FRE for the direct localization approach and for our localization approach. As in both cases, each fiducial is localized separately: This quantity reflects the precision of each of the localization approaches. For direct localization, we obtained a mean ͑std͒ FRE of 0.13 ͑0.06͒ mm, and using our approach, the mean ͑std͒ FRE values are 0.29 ͑0.13͒ mm.
For the 28 fiducials that were inside the reconstructed region, we compute the distance between their 3D location as estimated with direct localization and that estimated using our approach. This quantifies the algorithm's accuracy, with direct localization serving as the gold standard. The mean ͑std͒ difference between the two localization approaches was 0.82 ͑0.34͒ mm. This error is our fiducial localization error ͑FLE͒.
Table III provides a more detailed view of our quantitative evaluation.
To assess if our localization approach is biased or not, we computed the mean ͑std͒ error per each of the X, Y, and Z coordinates. These errors are 0.15 ͑0.15͒, 0.37 ͑0.49͒, and Ϫ0.50 ͑0.38͒ mm, respectively. To assess the combined effect of the errors, we use the directional error. That is, we analyze the behavior of the normalized error vectors. If the error directions are uniformly distributed on the unit sphere, no directional bias, the norm of the mean vector is close to zero. If, on the other hand, the error directions are concentrated in a certain region, bias, the norm of the mean vector is closer to one. 10 In our case, the norm of the mean vector is 0.78. This indicates a bias which is visually discernable when overlaying the directional errors onto the unit sphere, as shown in Fig. 8 .
Finally, while direct localization is currently the clinical gold standard, it is not necessarily more accurate than the proposed approach. As an example, we take the data set exhibiting the largest difference between the two approaches: Patient 2, scan 2. We projected the 3D locations estimated using both methods onto several x-ray images along the C-arm trajectory. From visual inspection, it appears that our approach is slightly more accurate than direct localization. Figure 9 shows a close up view of these images.
IV. DISCUSSION AND CONCLUSIONS
We have presented a patient databased evaluation of our method for spherical fiducial localization in C-arm based CBCT volumes directly from the projection images. The study included three patients undergoing navigated abscess drainage using a commercial navigation system. These cases clearly illustrated the challenge facing navigation systems if fiducial localization is performed directly in the reconstructed volume. Placing the fiducials on the patient's skin so FIG. 5 . Anterior-posterior ͑top͒ and lateral ͑bottom͒ views corresponding to the scans for the second patient in Table II. that both the fiducials and the anatomy of interest are inside the reconstructed region is not a trivial task. As a consequence, the patient may receive a higher radiation dose and the interventional workflow becomes more complex.
These two factors hinder the adoption of navigation systems for procedures utilizing C-arm based CBCT as the imaging modality. Concerns with regard to the patient's accumulated radiation exposure due to multiple CBCT acquisitions during a procedure have been previously raised. 11 It should also be noted that one of the goals of navigation systems is to reduce the cumulative radiation exposure associated with frequent use of x-ray fluoroscopy, albeit primarily to the physician. In addition, the importance of a system's workflow on its adoption into clinical practice has been previously identified in Ref. 12 . A complex workflow requiring changes to the fiducial placement and multiple volume acquisitions will reduce the chances of these systems being accepted into clinical practice. Automated fiducial localization is desirable for a more streamlined clinical workflow. In our case, automatic, robust, and accurate fiducial localization is not trivial. This is primarily due to the variability in fiducial appearance. In the projection images, fiducials overlap different anatomical structures such as the ribs, the spinal column, or soft tissue. In addition, highly attenuating medical devices associated with patient treatment are also visible. Our semiautomatic ap- On the top is the image set used for a fiducial contained in the reconstructed region ͑patient 2, scan 4͒ and on the bottom is an image set used for a fiducial found outside the reconstructed region ͑patient 2, scan 1͒. Images correspond to the use of our default sampling rate of every tenth image.
FIG. 7.
Intersection of backprojected rays, 3D localization, is robust to outliers as it uses the RANSAC framework. Color ͑see electronic version͒ circles denote localized fiducials in the projection image and ϫ denotes the projection of the localized fiducial in 3D back onto the x-ray image. The ellipse marks an outlying localization in 2D which is ignored during ray intersection as evident by the ϫ projected onto the correct location. proach provides robust and accurate fiducial localization by combining the human ability to easily recognize rough locations and the algorithm's ability to accurately localize fiducials given this manual initialization. As the approach only requires minimal interaction after image acquisition, its overall impact on procedure workflow is minor. In this work we have shown that our proposed, x-ray projection, image based approach to fiducial localization is able to deal with clinical data, mitigating the inherent difficulties associated with direct fiducial localization. We have also observed that 2D erroneous fiducial localization does occur when fiducials overlap with osseous structures in the x-ray projection images. These outlying 2D localizations are later explicitly ignored via robust estimation of the backprojected rays' intersection.
To quantitatively evaluate our localization approach we used two quality measures, FRE, and the distance between fiducials localized using our approach and direct volumetric localization. From our results, we see that the direct approach is more stable with a mean ͑std͒ FRE of 0.13 ͑0.06͒ vs 0.29 ͑0.13͒ mm for our method. We use FRE to quantify the precision of each localization approach as each fiducial is localized independently from all others. Note that FRE does not reflect the accuracy of the localization as it is invariant under a rigid transformation. That is, any localization bias will be compensated for by the rigid transformation used in the computation of the FRE.
Assuming direct localization serves as ground truth, the mean ͑std͒ FLE is 0.82 ͑0.34͒ mm. This is slightly less accurate than our previous result of 0.51 ͑0.18͒ mm. Most likely, this is due to the coarser pixel spacing of the projection images acquired by the current clinical protocol 0.61 ϫ 0.61 mm 2 , which differs from the clinical protocol we had previously used ͑0.37ϫ 0.37 mm 2 ͒. Thus, the same subpixel localization accuracy will result in larger 3D localization differences. We have also found that the directional errors between the two approaches are biased. This is most likely due to the edge detection process used in the 2D localization. We use the Canny edge detector which applies Gaussian blurring prior to differentiation to suppress noise. On the one hand, use of a Gaussian with a larger standard deviation reduces the detector's sensitivity to noise. On the other hand, it increases the edge localization error. In our case, this is the most likely cause for a slight 2D fiducial localization bias, in turn leading to the exhibited 3D localization bias.
We note that a similar magnitude for FLE was observed in routine image-guided neurosurgical interventions. 13 In that context, a mean ͑std͒ FLE of 0.8 ͑0.6͒ mm was observed for localizing skin adhesive fiducials in MR volumes having a voxel size of 0.4ϫ 0.4ϫ 1 mm 3 . We thus conclude that our approach is sufficiently accurate for thoracic-abdominal interventions as these interventions generally require less accuracy than neurosurgical interventions.
Finally, while direct localization is the current standard of clinical practice, in some cases it seems that direct localization may be less accurate than our approach. This observation is based on visual inspection of the 3D data projected onto the x-ray images. It is thus unclear if direct localization should be viewed as a ground truth or only as the current clinically used localization method.
We have shown that using our localization approach in the clinic is possible and has the potential to reduce the cumulative radiation exposure to the patient, while at the same time simplifying the procedure's workflow, as compared to the standard direct volumetric localization. Using the proposed approach, the requirement that both the anatomy of interest and the skin fiducials be inside the reconstructed region is removed, making image-guided navigation systems utilizing C-arm based CBCT a viable clinical option. 9 . Projection of 3D fiducial location onto x-ray frames acquired by CBCT ͑patient 2, data set 2͒. Frames correspond to C-arm angular poses of 24.5°, 74.5°, 124.5°, and 199.5°. + corresponds to direct fiducial localization and ϫ corresponds to localization using our approach. The difference between our approach and direct fiducial localization in this case was between 1.1 and 1.4 mm. From visual inspection, our approach seems to provide better results than the direct localization, even though the FRE for that method is lower: 0.05 vs 0.24 mm.
